ABSTRACT
Introduction
A primary hurdle to adoption of precision farming practices has been the high initial cost of equipment (Wiebold et al, 1998) . The high cost and lack of a concrete financial return has inhibited the adoption of equipment such as yield monitors (Dayton and Lowenberg-DeBoer, 2000) . The percentage of combines with yield monitors is increasing due to manufacturers such as Ag Leader and a larger percentage of new combines leaving the factory with a yield monitor installed. However a large percentage of these machines do not have mapping capability due to not having a GPS receiver or a lack of understanding about global positioning by the farmer (Daberkow et al, 2000 and Shannon, 1998) . Producers are becoming more comfortable with spending the money for the yield monitor, but do not show the same commitment to purchase a GPS receiver. The primary reason given for this is the initial cost of a receiver. Without this capability, the producer is not able to make full use of this equipment. Also a number of these combines are being leased one, two, or three years and the equipment dealers are supplying yield monitors on these combines without GPS.
The primary reason "low cost" GPS receivers have become an option to look at is the removal of Selective Availability (SA). On May 1, 2000, President Clinton, announced the removal of Selective Availability (SA) (US Department of Commerce, 2000 and IGEB, 2000) . Data taken from various sites coordinated through the National Geodetic Survey, NOAA have shown a great change in accuracy (Milbert, 2001) . The images (Figure 1 ) compare the accuracy of GPS with and without selective availability (SA). Each plot shows the positional scatter of 24 hours of data (0000 to 2359 UTC (Universal Time Coordinate)) taken at one of the Continuously Operating Reference Stations (CORS) operated at Erlanger, Kentucky. On May 2, 2000, SA was set to zero. The plots show that SA causes 95% of the points to fall within a radius of 147.6 feet (45.0 meters). Without SA, 95% of the points fall within a radius of 20.7 feet (6.3 meters).
Figure 1. Plot of GPS data with and without SA
GPS applications have not been limited to agriculture. There has been a growing number of "low cost" GPS receivers developed primarily for recreational purposes such as hunting, fishing and for navigation. These receivers do not have the same accuracy of receivers that are being marketed for agricultural purposes such as yield monitoring. Though with the removal of SA, they may provide enough accuracy for such applications as yield mapping.
The objective of this study was to determine if lower cost GPS receivers are suitable for precision farming practices such as yield mapping.
Materials and Methods
The first step in this study was to choose a "low cost" GPS receiver to connect to a yield monitor. The basic criteria the GPS receiver needed was the ability to transmit standard NEMA sentences compatible with the yield monitoring system. Price was the other criteria; we found that price ranged from $120 to $1000. The variation in prices is due to the features available on the unit itself. The cheaper units have basic displays. As the price increases the ability of displaying road maps as well as a color display is available. Another criteria later found to be of importance is the ability to have an external antenna. This will be discussed in the results of the project.
Collecting data that could be useful in analysis was another important part of the study. It was important to collect data in a way that we could look at GPS accuracy between a typical DGPS receiver used in yield monitoring to a "low cost" GPS receiver. Yield map accuracy was also important in making the determination if a "low cost" GPS receiver could be used for yield mapping.
Multiple sites, combines, and yield monitoring systems were used to get an understanding of how these factors influenced the results of the study.
Yield monitoring systems used for the study were the Case AFS systems, Ag Leader -AL 2000 and PF 3000, and Micro-Trak. All "low-cost" GPS receivers used were manufactured Garmin International. The models tested were the GPS IIIPlus, eTrex Legend, and Street Pilot. Each of these receivers has different capabilities as far as using them in a recreational setting (Garmin Literature).
To collect the data in a way that GPS accuracy and yield map accuracy both could be analyzed, a combine equipped with an Ag Leader PF3000 yield monitor system was used. The yield monitor system was modified so that two PF3000 consoles could be used simultaneously. This was accomplished by splitting the 25-pin cable that connects the PF3000 console to the sensors of the yield monitoring system, i.e. grain flow, moisture, speed. One console was connected to a differential corrected GPS receiver and the other console was connected to a "low cost" GPS receiver while still collecting grain flow, moisture, and speed from the same sensors. The differential corrected GPS receiver used a Coast Guard beacon as its correction source.
It was originally planned to use the GPS time collected by the yield monitor so that data collected from both consoles could be compared. After initial data collection, it was determined that this could not be achieved because of how Ag Leader calculates GPS time. So to collect GPS data in a way comparisons of relative GPS accuracy could be made, raw NMEA data was collected using two Windows CE palmtop computers and NMEA Monitor software, http://www.catnet.ne.jp/fukuda/garmap/e_nmeamonce.html.
To ensure yield data from the two PF3000 consoles was relatively the same, the consoles were calibrated separately using standard calibration procedures outlined in the yield monitors' operators manual. The field used to do a majority of the data collection was also divided into multiple parts to accommodate more detailed comparisons.
Yield data was also collected with three cooperating producers who had yield monitors without GPS. A "low-cost" GPS receiver was supplied to these producers. Yield monitor systems used were a Case AFS, Ag Leader -AL2000, and a Micro-Trak system. The yield data collected with these systems was used only to do visual analysis of the yield maps.
Results and Discussion
Initial data was collected in the fall of 2000 during soybean and grain sorghum harvest. During this time it was discovered that we could not do any true comparison of relative GPS accuracy due to the way Ag Leader was calculating GPS time. Yield map comparisons could be made with data collected from soybeans. During 2001 wheat harvest, additional data was collected using the same configuration of two Ag Leader PF 3000 consoles, as well as with three other cooperator producers.
Because of the problem encountered with GPS time during the fall of 2000. GPS data was collected separately. So for the 2001 wheat harvest, the data collection system also consisted of two palmtop computers used to collect raw NMEA data. The raw NMEA data was used to compare relative GPS accuracy between the two GPS receivers. The NMEA data string used was the GGA string (Bennett, 2000) . Data contained in the GGA string that was important for analysis was GPS time (UTC time), latitude and longitude, differential status and HDOP. The GPS receivers used for comparison were a Starlink Invicta 210 and a Garmin eTrex Legend. The Starlink receiver was differentially corrected using the Coast Guard beacon. The Garmin eTrex Legend receiver also had differential correction capability using the WAAS correction signal.
The results of relative GPS accuracy initially were very poor. The original plan was to use the Garmin eTrex Legend mounted inside the combine cab as one would in an automobile for recreational purposes. The data collected from this configuration did not look promising. The relative accuracy was 94.2 feet (28.7 m) ( Figure 2 ). This is not close to the accuracy needed to produce yield maps. So the eTrex Legend was then moved to outside the cab. The eTrex Legend GPS receiver was mounted in a plastic enclosure (Figure 3 and 4) and placed 26 inches (66 cm) from the Starlink antenna. The average relative accuracy improved to 7.9 feet (2.4 m). Total number of data points was 2247. One subset of data had a relative of 4.1 feet (1.25 m) ( Figure 5 ). Another subset of data had a relative accuracy of 6.6 feet (2.0 meters) ( Figure 6 ). Number of points in this subset was 456 with the descriptive statistics as follows: minimum of 0.65 feet (0.2 m), maximum of 12.11 feet (3.69 m), standard deviation of 3.02 feet (0.92 m) and a variance of 2.79 feet (0.85 m). With the discovery of improving accuracy by having the "low cost" GPS receiver mounting outside, the other systems installed on the three other cooperator combines needed to be analyzed. As yield data was collected from one cooperator with a Case AFS system using a Garmin Street Pilot GPS receiver, it was observed that GPS accuracy might not be as desirable as needed. It was decided to mount the detachable antenna on the Street Pilot GPS receiver on the outside of the combine cab. A visual difference between yield maps was seen (Figure 7 and 8).
One other test that was performed related to GPS accuracy was to operate two yield monitor equipped combines in the same field. One equipped with a DGPS receiver and the other a "low cost" GPS receiver. Data collected from this indicated that GPS accuracy was not sufficient to operate a DGPS receiver side-by-side with a "low cost" GPS receiver (Figure 9 ).
The final test performed was to compare the accuracy of the yield maps. In other words, could one collect the same yield map information from a "low cost" GPS receiver compared to a standard DGPS receiver? Yield maps were compared using three different methods. These methods included visually, using regression analysis, and using the yield maps to develop management zones.
Visually looking at the yield maps it was very difficult to tell the data collected with the "low cost" GPS receiver. Figure 10 shows point data from a 16-acre (5.3-hectare) portion of a wheat field. Figure 11 show the same field after it was interpolated using an inverse distance method. The grid size was 17.5 feet (5.3 m) and was based on the swath width harvested. The gridded yield map visually showed only slight differences. Data collected during soybean harvest of 2000 was also used for analysis. GPS receivers used during soybean harvest were a Northstar 8901 DGPS receiver and a Garmin IIIPlus GPS receiver. The Northstar receiver used a Coast Guard beacon as its correction source and the Garmin IIIPlus receiver did not have any correction source. A 18-acre (6.1-hectare) portion of a soybean field was also used for analysis. Visually it was still difficult to tell the differences between the two fields. Figure 12 and 13 show the soybean yield data in point and interpolated maps. The soybean yield grid size was 14 feet (4.3 m).
The second test performed was using regression analysis. The interpolated maps were used for this process. Figure 14 shows results from the wheat yield data and Figure 15 shows the results from the soybean yield data. The analysis of the wheat yield had a R 2 of 0.75 and the soybean yield had a R 2 of 0.56. The main difference in the analysis is believed to be yield monitor calibration and the dynamics of the yield monitoring system. As stated before during the wheat harvest of 2001 before PF3000 consoles were calibrated separately, during the soybean harvest of 2000 the one PF3000 was calibrated and the other was loaded with calibration numbers from the calibrated monitor, this is what is thought to be the main difference between the two analyses.
The final method was to use the yield data collected to determine management zones. A recently developed software package called Management Zone Analyst was used to accomplish this task (Fridgen, 2000) . This software is a decision-aid used for creating within-field management zones based on quantitative field information. It mathematically breaks up a field into natural clusters or zones based on the classification parameters and number of zones specified.
Using Management Zone Analyst to divide the data into three zones provided the following results, (Figure 16 and 17). After calculating management zones from interpolated yield data collected from each a difference map was made. The difference map shows where the management zones were the same or different for both maps (Figure 18 ). The difference maps showed that there were only slight differences in how the management zones where created. The wheat yield data showed that 79.7% of the field was divided into the same management zones. The soybean data showed 66.4% as the same management zones. Visually where there were differences they seemed to be random and not in distinctive patterns.
Conclusions
It was determined "low cost" GPS receivers could provide the necessary accuracy needed to make yield maps. The average relative accuracy between a DGPS receiver and a "low cost" GPS receiver was 7.9 feet (2.4 meters). It was discovered that an important step in using a "low cost" GPS receiver for yield mapping was antenna location. Better yield maps could be produced if the "low cost" GPS antenna was mounted outside the combine cab. Because data was collected so that two yield maps could be made from the same field provided information showing that a yield map collected using a "low cost" GPS receiver was similar to that of one collected with a DGPS receiver. . Relative GPS accuracy of 6.6 feet between a Starlink Invicta DGPS receiver and a Garmin Legend GPS receiver mounted outside the combine cab. 
